Reactions involving Fe(NO) 2 (CO) 2 and the bis(phosphine) ligands bis(diphenylphosphino)methane (DPPM), bis(diphenylphosphino)acetylene (DPPA), 1,6-bis(diphenylphosphino)hexane (DPPH), and 1,4-bis(diphenylphosphino)-benzene (DPPB) have been examined. From these reactions, the mononuclear complex, Fe(κ 1 -DPPM)(NO) 2 (CO) 3, linear dinuclear species of the type Fe 2 (µ-L)(NO) 4 (CO) 2 (L = Ph 2 PCH 2 PPh 2 4, Ph 2 PCϵCPPh 2 5, Ph 2 PCH 2 (CH 3 ) 4 CH 2 PPh 2 6, and Ph 2 P(p-C 6 H 4 )PPh 2 7), and macrocyclic dinuclear species of the type Fe 2 (µ-L) 2 (NO) 4 (L = Ph 2 PCH 2 PPh 2 8 and Ph 2 PCϵCPPh 2 9) were isolated and spectroscopically characterized. For 4, 5, 8, and 9, the solid-state molecular structures of the products were determined by use of single-crystal X-ray diffraction techniques.
Introduction
Dinitrosyliron-based compounds are known to participate in a variety of important chemical processes ranging from the transfer of molecular oxygen to alkenes or phosphines (1, 2) to the polymerization of olefins (3) (4) (5) (6) . Some nonheme iron nitrosyl complexes have also been identified as nitric oxide storage substances within biological systems; these have been detected by EPR studies, both as products after the biosynthetic evolution of NO in vitro and from the addition of NO to iron-centered proteins (7) . As part of our ongoing study of this class of chemically and biologically important complexes, we reported on the synthesis, structural characterization, and electrochemical behavior of compounds such as 1 that are derived from the reaction of Fe(NO) 2 (CO)(PR 3 ) with tetracyanoethylene (8) (9) (10) . These molecules represent the first crystallographically characterized examples of dinitrosyliron-based complexes containing π-bound olefinic ligands. Subsequently, we have prepared and studied the non-heme iron complex, 2, which comprises imidazole and nitrosyl ligands (Scheme 1) (11, 12) .
Building upon this research, we have recently turned our focus to the preparation of both linear and macrocyclic bis-(dinitrosyliron) complexes bridged by either one or two bis-(phosphine) ligands, respectively, in the anticipation that these dinuclear species may exhibit interesting and unusual properties related to the proximal nature of the two metal fragments (13). The pioneering work of Cowie and co-workers (14) , Puddephatt and co-workers (15) , and others demonstrates the reactivity advantages that can be brought about by connecting late metal fragments with bridging bis(phosphine) ligands such as DPPM (DPPM = bis(diphenylphosphino)methane). Moreover, Hong and co-workers have shown that dinuclear Group 10 complexes of the type cyclo[M(κ 2 -DPPM)] 2 (µ-DPPA) 2 (DPPA = bis(diphenylphosphino)acetylene) exhibit interesting photoluminescent behavior (16) . Despite the well-established history of dinuclear bis(phosphine) complexes in the field of inorganic chemistry, bis(dinitrosyliron) derivatives of this class are still rare, and their reactivity properties remain essentially unexplored (17) .
Herein we report the synthesis and structural characterization of bis(dinitrosyliron) complexes spanned by a structurally diverse series of bis(phosphine) ligands, including: (a) DPPM; (b) DPPH (DPPH = 1,6-bis(diphenylphosphino)hexane); (c) DPPA; and (d) DPPB (DPPB = 1,4-bis-(diphenylphosphino)benzene). Depending on the reaction conditions employed, either linear diiron constructs connected by one bis(phosphine) linker, (NO) 2 FeP~PFe(NO) 2 (A), or macrocyclic species spanned by two bridging ligands, [(NO) 2 Fe] 2 (P~P) 2 (B), are obtained.
Results and discussion
The mononuclear complex, 3, and the linear diiron species, 4-7, were readily prepared from Fe(NO) 2 (CO) 2 via addition of the desired bis(phosphine), as depicted in Scheme 2. For compounds 3-5, these could then be converted into the corresponding cyclic compounds 8 (from either 3 or 4) and 9 (from 5) (Scheme 3). Compounds 3-9 are air sensitive and undergo complete decomposition after several hours. Decomposition also occurs (albeit more slowly) when these complexes are stored either in degassed solvents or as pure solids under dinitrogen at ambient temperature. Interestingly, Braunstein et al. have previously observed the formation of both 3 and 8 as side products in the process of preparing Pt-Fe clusters (18), while Atkinson et al., in examining the reaction between [Fe 2 (µ-I) 2 (NO) 4 ] and DPPM, were able to isolate compound 8 as the corresponding tetrahydrofuran-solvated complex (19) . However, in both cases no X-ray crystallographic structural data were provided.
The conversion of Fe(NO) 2 (CO) 2 into compounds 3-7 and subsequently into 8 or 9 is readily monitored by use of infrared spectroscopy; selected FT-IR data are listed in Table 1 . The decrease in stretching frequencies observed for the carbonyl and the two nitrosyl ligands in 3-7 relative to Fe(NO) 2 (CO) 2 is characteristic of phosphine-substituted dinitrosyliron complexes (9) . In turn, the nitrosyl stretching frequencies observed for both 8 and 9 appear at an even lower wavenumber. The macrocyclic DPPM-supported complex, 8, exhibits four distinct IR absorptions (1733, 1721, 1687, and 1668 cm -1 ) in the solid and in solution (spectra obtained from samples dissolved in CH 2 Cl 2 match previously reported values (19) ), possibly arising from the interaction of the Fe(NO) 2 centers, as has been observed in other cyclic systems (19, 20) . This phenomenon appears to depend on ring size, as the related ten-membered ring compound, 9, displays only two nitrosyl stretching signals (1723 and 1679 cm -1 ) in both the solid and liquid states. Based on the observed IR frequencies, the nitrosyl groups are best described as linear, donating NO + fragments (vide infra) (21, 22) . The formation of 3-9 was also followed by use of NMR spectroscopy, and each of the dinuclear compounds (4-9) exhibit a single 31 P NMR resonance in the range of 33-57 ppm, consistent with a disubstituted bis(phosphine) complex.
In an attempt to evaluate how altering the characteristics of the bridging bis(phosphine) ligand impacts the structural topology of these linear and macrocyclic bis(dinitrosyliron) complexes, an X-ray crystallographic study of compounds 4, 5, 8, and 9 was conducted. Crystallographic collection and refinement parameters and selected metrical parameters ap- pear in Tables 2 and 3 , respectively. Thermal ellipsoid plots of the refined molecular structures of the DPPM compounds, 4 and 8, and the DPPA compounds, 5 and 9, appear in Figs. 1 to 4, respectively.
The iron centers in all four of the crystallographically characterized compounds possess distorted tetrahedral geometries, a structural feature that is common to dinitrosyliron complexes (12, 22) . The iron-iron distances in both the linear (4,~5.2 Å; 5,~7.6 Å) and macrocyclic (8,~4.4 Å; 9,~7.0 Å) compounds are all significantly longer than the related distances found in other structurally characterized bis(dinitrosyliron) species described as possessing a metalmetal bond (23) . The crystallographically determined structures of the linear species, 4 and 5, can be compared with that of [Fe(NO) 2 Cl] 2 (µ-DPPE) (DPPE = 1,2-bis(diphenylphosphino)ethane), where DPPE stands as a single bridge joining the two metal centers (17) .
Despite the range in N-Fe-N angles (115.6 (4) O) (24) (25) (26) . The observation of contracted Fe-N distances (~1.64 to~1.73 Å) and lengthened N-O bonds (~1.16 tõ 1.20 Å) in these complexes indicates significant ironnitrosyl multiple bond character, arising owing to appreciable back-donation from the iron fragment into the π*-orbital on the nitrosyl ligand (22) . By comparison, Ray et al. reported crystallographic data for a series of trigonal bipyramidal iron nitrosyl complexes, in which the Fe-N(O) and N-O distances are in the range of~1.73-1.75 Å and~1.12-1.15 Å, respectively (27) . These X-ray structural data, in addition to the observation of nearly linear Fe-N-O linkages, corroborate the IR spectroscopic results and suggest that the NO units in 4, 5, 8, and 9 function as three-electron donors.
Compounds 5 and 9 represent the first examples of crystallographically characterized species containing the Fe-(NO) 2 (µ-DPPA) fragment, and as such are worthy of further commentary. The "anti" orientation of the Fe(NO) 2 The overall molecular structure of the macrocyclic DPPA compound, 9, can be described as a severely twisted tenmembered ring, a geometry that is similar to Mo 2 (µ-DPPA) 2 (CO) 8 (36) , but different from the nearly planar structure found for PdPtCl 4 (µ-DPPA) 2 (37) . The puckering of the ring framework in 9 gives rise to a "bow-tie" orientation of the alkyne units, in which these fragments are twisted by approximately 49°with respect to one another (Fig. 5) . As was observed for 5, the two P-CϵC-P units in 9 exhibit concave bowing; however, one P-CϵC-P fragment is only slightly bent (P(3)-C(3)-C(4) 173.9(9)°; P(4)-C(4)-C(3) 175.5(9)°), while the other exhibits more pronounced asymmetric bending (P(1)-C(1)-C(2) 170.8(9)°; P(2)-C(2)-C(1) 165.8(9)°). Upon viewing the structure of 9 down the Fe-Fe vector, it is evident that the DPPA ligands can be loosely classified as "staggered" (P(1)-C(1)-C(2)-P(2)) and "eclipsed" (P(3)-C(3)-C(4)-P(4)), with the former experiencing greater strain and subsequently more pronounced deviation from linearity than the latter. It is interesting to note that although Mo 2 (µ-DPPA) 2 (CO) 8 possesses similarly "staggered" and "eclipsed" DPPA ligands (36) , a correlation between the degree of nonlinearity of the DPPA ligands and their relative orientation does not exist in this Mo-based system.
Experimental

General
All manipulations were carried out in an atmosphere of dry dinitrogen using freshly distilled and degassed solvents. Unless otherwise stated, all chemicals, including bis(diphenylphosphino)methane (DPPM, Aldrich), 1,6-bis-(diphenylphosphino)hexane (DPPH, Aldrich), bis(diphenylphosphino)acetylene (DPPA, Strem Chemicals), and 1,4-bis(diphenylphosphino)benzene (DPPB, Organometallics Inc.) were used as supplied. Fe(NO) 2 (CO) 2 was prepared following a published procedure (38) . The 1 H, 13 C, and 31 P NMR spectral data were acquired using either a Bruker AC-200 or AC-300 spectrometer in deuterated chloroform, unless otherwise stated. All 13 C and 31 P NMR spectra were recorded in proton-decoupled mode with phosphorus chem- 
X-Ray crystallography
Crystallographic data for 4, 5, 8, and 9·CH 2 Cl 2 were collected from suitable samples mounted on glass fibers. The instrument used for the collection of diffraction data was a Siemens P4 diffractometer equipped with a Siemens SMART 1K CCD Area Detector (using the program SMART) and a rotating anode using graphite-monochromated Mo Kα radiation (λ = 0.71073 Å). Data processing was carried out by use of the program SAINT, while the program SADABS was utilized for the scaling of diffraction data, the application of a decay correction, and an empirical absorption correction based on redundant reflections. Structures were solved by using the direct methods procedure in the Siemens SHELXTL program library and refined by fullmatrix least squares methods on F 2 . All non-hydrogen atoms, with the exception of the disordered atoms in 9·CH 2 Cl 2 , were refined using anisotropic thermal parameters. Hydrogen atoms were added as fixed contributors at calculated positions, with isotropic thermal parameters based on the bonded carbon atom. Compound 5 crystallizes in the space group P1 with half a molecule per asymmetric unit; the other half of the molecule may be generated by a crystallographic inversion center, resulting in the observation of only one molecule per unit cell (Z = 1). Combustion analysis, previously obtained by others (39) , for compound 8 (similarly prepared in tetrahydrofuran) suggested the presence of one solvated tetrahydrofuran per molecule of 8 in the crystalline lattice. However, despite the fact that the data readily allow for a complete anisotropic refinement of the target molecule, attempts to resolve atomic positions for the disordered solvate were unsuccessful, leading to rather high values for the residual electron density and the refinement statistics. In the case of 9·CH 2 Cl 2 , the final refined structure involved a disordered model in which the phenyl rings containing C(20)-C(25) and C(50)-C(55) could exist in either of two orientations resulting from rotation about the P-C(ipso) bond. Based on the observed thermal displacement Fig. 1 . The X-ray structure of 4, showing the atomic numbering scheme. Anisotropic thermal displacement ellipsoids are shown at the 30% probability level. Fig. 2 . The X-ray structure of 8, showing the atomic numbering scheme. Anisotropic thermal displacement ellipsoids are shown at the 30% probability level. Fig. 3 . The X-ray structure of 5, showing the atomic numbering scheme. Anisotropic thermal displacement ellipsoids are shown at the 30% probability level.
ellipsoids, it was assumed that only these carbon atoms were significantly affected by this disorder process. The occupancies for each of the two orientations were each allowed to be refined as a free variable (final ratio of approximately 55:45 for both of the phenyl units). Moreover, during the refinement of 9·CH 2 Cl 2 , a disordered molecule of dichloromethane was located in the asymmetric unit. Given the magnitude, location, and number of electron density difference peaks observed in the region of the solvate, the final refined structure was based on a disordered model that involved two possible orientations generated by rotation about a fixed and non-disordered (fully occupied) central methylene carbon. The occupancies for each of the two orientations were each allowed to be refined as a free variable (final ratio of approximately 90:10). Hydrogen atoms for each unique component of the disordered phenyl and dichloromethane units were added at calculated positions with occupancy factors equal to the occupancy factor of the associated carbon atom. The hydrogen atoms were refined using a riding model with isotropic displacement parameters equal to 1.2 times the equivalent isotropic displacement parameter of the attached carbon (40-43). 
General preparation of compounds 3-7
Method (a): To an Erlenmeyer flask containing Fe(NO) 2 -(CO) 2 was added a suspension of the phosphine ligand in pentane at room temperature. After stirring the solution for 18 h, the precipitate generated was filtered and washed with pentane. Method (b): To an Erlenmeyer flask containing the phosphine ligand in THF was added Fe(NO) 2 (CO) 2 at room temperature. After stirring the solution for 18 h, the solvent was removed under reduced pressure and the remaining solid washed with pentane.
General preparation of compounds 8 and 9
Method (c): A solution of the reactants was filtered into a sealable tube, degassed by use of freeze-pump-thaw procedures, flame-sealed under vacuum, and subsequently heated to 75°C. 4 . The X-ray structure of 9·CH 2 Cl 2 , with thermal displacement ellipsoids shown at the 30% probability level. For clarity, hydrogen atoms and the dichloromethane solvate have been omitted, and only the most highly populated components of the disordered phenyl rings are shown. [Fe 2 (µ-DPPA) 2 
(NO) 4 ] 9
Method (c): After stirring 5 (100 mg, 1.5 mmol) and DPPA (58 mg, 1.5 mmol) in THF (5 mL) for 18 h, the solution gradually turned black. After 72 h the tube was opened, the solvent removed under reduced pressure, and the remaining brown solid (9) washed with pentane (90 mg, 64%). Single crystals suitable for X-ray analysis were grown from CH 2 Cl 2 by slow evaporation of the solvent under an atmosphere of dinitrogen. IR (KBr) (cm -1 ) ν: 1723 (NO), 1679 (NO).
1 H NMR (200 MHz) δ: 7.51-7.09 (m, Ph, 40H). 31 P NMR (121 MHz) δ: 38.6 (s).
Summary
The results described herein demonstrate that both linear and macrocyclic organometallic complexes containing a pair of dinitrosyliron fragments spanned by either one or two bis(phosphine) ligands can be selectively prepared from Fe(NO) 2 (CO) 2 . The X-ray crystallographic characterization of four members of this series reveals that the choice of bridging bis(phosphine) ligand used in these syntheses has a profound influence on the molecular structure of the resulting diiron framework. This preliminary synthetic and structural investigation provides the groundwork for exploring the chemical, physical, and reactivity properties of this class of molecules. These studies are underway and will be the focus of future reports. thank Dr. James F. Britten (McMaster University, Canada) for his assistance in the acquisition of X-ray crystallographic data.
